A simple strategy to fabricate porous three-dimensional gold-film electrodes using gold-coated microspheres (AuMS) is presented. The AuMS deposited on gold (AuMS/Au) are electrically interconnected, and show unique electrochemical properties indicating porous surface structures. The AuMS/Au electrodes exhibit electrocatalytic activities for oxygen reduction and peroxide oxidation, which indicates that the apparent macroporous structures also retain porous regions with nanometer-scale dimensions. The porous structures on AuMS/Au electrodes also provide a selective voltammetric response for glucose against ascorbic acid due to the different electron-transfer kinetics. Since AuMS/Au electrodes are simple to prepare compared with previously suggested systems, the present system could offer potential in electroanalytical applications as new gold-based substrates for further modifications of surfaces. 
introduction
In recent years, the fabrication of electrodes with threedimensional (3D) gold structures has received considerable attention, since they have many useful applications, such as electrocatalysis and electrochemical sensors. For example, 3D arrays of gold nanoparticles (AuNPs) were assembled on electrode surfaces by a layer-by-layer technique, 1,2 which has exhibited catalytic activity for the electroreduction of oxygen. 2 More recently, various studies have focused on macroporous 3D gold electrodes, which suggest technically important applications. Abdelsalam et al. reported on the preparation of macroporous 3D gold films and their application in electrochemical surface enhanced Raman spectroscopy (SERS). 3 The macroporous 3D gold films exhibit unique electrochemical properties that enable direct electron transfer between proteins and electrode surfaces and electrochemical impedance immunoassay. 4, 5 In these studies, macroporous 3D gold structures were prepared by the electrochemical deposition of gold on assembled templates, such as polystyrene beads or silicon particles.
A typical preparation procedure for macroporous gold electrodes is illustrated in Scheme 1a, where macropores have diameters of several hundred nanometers. Bai et al. demonstrated that 3D porous gold film electrodes can be utilized as a non-enzymatic glucose sensor. 6 In the present study, we report on a simple strategy to fabricate porous 3D gold film electrodes using gold-coated microspheres (AuMS). Micrometer-sized spheres with thin gold layers have been shown to provide useful applications, such as signal amplification in mass spectrometric detection 7 and surface chemical probing by SERS. 8 Porous 3D gold film electrodes can be fabricated by simply depositing AuMS on electrode surfaces, as shown in Scheme 1b. This method is obviously much simpler than the previously reported template-based ones. Macroporous regions are formed between the adjacent AuMS, which have pore dimensions comparable to those prepared by the template-based synthesis. In addition to these macroporous regions, we expect there also exist porous regions with smaller dimensions in the vicinity close to the junction of AuMS.
This nanometer-scale surface porosity can be compared to those induced by assembling AuNPs. While building up 3D structures with AuNPs on electrode surfaces requires binding molecules, such as dithiols, to ensure interconnection between nanoparticles and electrode surfaces, the AuMS are physically interconnected. Moreover, the AuMS utilized in this study were free of self aggregation, and were stable without stabilizing agents, which are inevitable to avoid self aggregation. 9 We investigated the intrinsic electrochemical properties of AuMS/Au electrodes with porous surface structures, based on which possible electroanalytical applications were demonstrated.
Experimental
Gold-coated microspheres (AuMS) were purchased from Nomadien Cooperation (Seoul, Korea). A thin gold layer was formed by the electroless plating method 10 on a poly(methyl methacrylate) bead with a diameter of ca. 4 µm. Other chemicals were purchased from Sigma-Aldrich and used as received. A commercially available gold electrode (CH Instrument) or Au wafer with 200 nm of gold on silicon (KMAC, Korea) was employed as a substrate. Various amounts of AuMS (typically 5 to 25 mg) dispersed in 1 mL of water was sonicated before depositing onto electrode surfaces. A 10-µL portion of AuMS-dispersed solution was dropped onto electrode surfaces and dried in air. Electrochemical measurements were conducted using a BAS 100 BW (Bioanalytical Systems) potentiostat. Pt wire and Ag/AgCl electrodes were used as counter and reference electrodes, respectively. All potentials were reported relative to the Ag/AgCl reference electrode. Scanning electron microscopy (SEM) characterization was performed using an LEO 1530 Field Emission SEM (Carl Zeiss) at 5 kV.
Results and Discussion
We verified the electrical interconnection of AuMS deposited on gold surfaces (AuMS/Au) by cyclic voltammograms (CVs) of AuMS/Au electrodes in the gold oxide formation-dissolution regions as a function of the amount of deposited AuMS, as shown in Fig. 1a . As the amount of AuMS on gold surfaces increased, the redox waves responsible for gold oxide formationdissolution became larger. The real electrochemical surface area (ESA) could be estimated by integrating the charge consumed for reducing the surface oxide monolayer. 11 For bare gold surfaces, the real ESA was estimated to be 0.17 cm 2 , while the geometric area was 0.075 cm 2 , corresponding to a roughness factor of 2.3. The presence of AuMS on the electrode surface resulted in an increase of the real ESA. With an AuMS concentration of 5 mg/mL, the real ESA was estimated to be 0.61 cm 2 , which is 3.5-times larger than that of a bare gold surface. Given that the surface area of each AuMS is 5.0 × 10 -7 cm 2 (d = 4 µm), the number density of AuMS necessary to produce an increase of ESA by AuMS (0.44 cm 2 ) was calculated to be 5 × 10 6 cm -2 . The number density of AuMS estimated from a corresponding SEM image is around 2 × 10 6 cm -2 , which means that the ESA values measured by voltammetry are larger than the geometrically calculated surface area. One possible reason could be that the actual surface area of each AuMS is larger than the geometrical area due to the roughness of the surface of AuMS. Although the exact degree of electrical interconnectivity of AuMS deposited on gold surfaces depends on the roughness of the AuMS surface, the CVs shown in Fig. 1a suggest that most of the AuMS particles were effectively interconnected with each other to make electrical contacts and serve as electrode surfaces. The physical strength of the AuMS/Au system was examined by comparing the CVs of AuMS/Au electrodes in the gold oxide formation-dissolution regions before and after stirring the solutions, where no significant change was observed.
The relative ESAs of AuMS/Au electrodes normalized with respect to that of a bare gold electrode were plotted as a function of the AuMS concentration (solid line in Fig. 1b) . The ESA linearly increases with the concentration of AuMS used for electrode preparations. When 25 mg/mL was used, the ESA of the AuMS/Au electrodes was ca. 20-times larger than that of bare gold surfaces. Typical SEM images are shown in the inset of Fig. 1a . Albeit the assemblies of AuMS do not exhibit highly ordered structures on a large scale, AuMS are closely interconnected with each other on a local scale to form porous regions. There have been several reports revealing that the unique electrochemical properties of porous electrodes could be obtained when the pore structures were not highly ordered. [12] [13] [14] The unique electrochemical properties expected from porous structure may be induced from locally ordered structures rather than ordered structures on a large scale.
While the real ESA increases with the amount of AuMS present on electrode surfaces, the redox currents for the Fe(CN)6 3-species remains at a constant level. The dashed line in Fig. 1b shows the dependence of the cathodic peak currents of Fe(CN)6
3-at AuMS/Au electrodes normalized with respect to that of a bare gold electrode. The invariant redox currents indicate that the actual electrode surface area utilized for the redox event of Fe(CN)6 3-remained at the same level. This can be attributed to the fact that redox species with fast electron transfer kinetics retain thick diffusion layers, and thus the redox currents are proportional to the apparent geometric area. 12, 15 We note that the surface porosity responsible for the increase of ESA is introduced by stacking AuMS on an electrode, and do not affect the faradaic current level for fast electrode kinetics.
We first consider the electrocatalytic activity of porous surface structures originating from AuMS on surfaces for oxygen reduction and peroxide oxidation. Figure 2a shows that the electroreduction of oxygen at a bare gold electrode occurred at around -0.05 V, while AuMS/Au electrodes exhibited oxygen reduction at more positive potentials. As the amount of AuMS on the electrode increased, a more positive shift of peak potential for oxygen reduction was observed. An AuMS/Au electrode prepared with 25 mg/mL exhibited a cathodic peak potential at 0.1 V, which is ca. 150 mV more positive than that found at a bare gold electrode. The potential shift for oxygen reduction increased with the amount of AuMS; however, the rate decreased and leveled off at an AuMS concentration of 25 mg/mL. In addition to the first cathodic peak, another cathodic peak was observed at -0.11 V. In a separate experiment, we obtained a CV of the AuMS/Au electrode in a solution containing H2O2, and verified that this cathodic wave corresponds to the reduction of peroxide to water. This means oxygen is electroreduced via a 2-step 4-electron pathway on AuMS/Au surfaces. El-Deab et al. reported a similar electrocatalytic reduction of oxygen on AuNPs electrodeposited on gold electrodes. 16 The electrocatalysis of oxygen reduction at porous surface structures has been reported on platinum or gold surfaces. 17, 18 In those reports, the porous structures had dimensions of ca. 10 nanometers, which were much smaller than the apparent sizes of macropores in the present AuMS/Au system. All of these previous studies suggest that oxygen reduction electrocatalysis can be induced from nanometer-scale surface structures. In the case of AuMS/Au electrodes, the apparent dimension of the architecture is a micrometer-scale. However, the porous structures in AuMS/Au electrodes also retain porous regions with nanometer-scale dimensions in the vicinity close to the junction of AuMS, which can be ascribed to the electrocatalytic activity for oxygen reduction.
The electrocatalytic oxidation of hydrogen peroxide at AuMS/Au electrodes exhibited similar behaviors as is the case of oxygen reduction (Fig. 2b) . Hydrogen peroxide was oxidized at more negative potentials on AuMS/Au compared with bare gold electrodes. The AuMS/Au electrode resulted in a peroxide reduction wave at around 0.85 V, at which potential no current was observed at a bare gold electrode. The inset shows a calibration plot for hydrogen peroxide recorded at AuMS/Au, which shows an order-of-magnitude higher sensitivity than a bare gold electrode. We again note that the currents for oxygen reduction and peroxide reduction do not increases much despite the increment of ESA with AuMS on electrodes.
We further examined the electrochemical properties of AuMS/Au electrodes with ascorbic acid (AA) and glucose, which are well known to exhibit fast and slow electron transfer kinetics, respectively. The dashed line in Fig. 3a shows the anodic peak currents for AA at around 0.4 V. AuMS/Au electrodes prepared from a 5 mg/mL solution resulted in a slight increase of the anodic peak current compared with that observed on a bare gold electrode, while no further increase of the anodic current was observed with a lager amount of AuMS on surfaces. This is in agreement with the case of Fe(CN)6
3-due to the fast electrode kinetics. For glucose with slow electron-transfer kinetics, the oxidation peaks were observed at 0.3 -0.4 V and the peak currents increased upon introducing AuMS on the electrode surfaces (solid line in Fig. 3a ). There was a sharp increase in the anodic currents up to 10 mg/mL of AuMS concentration, and thereafter the rate of increase slowed down. This is probably due to the fact that diffusion layer of glucose cannot fully penetrate through all the AuMS with higher amounts on surfaces. The current ratio of glucose (10 mM) to AA (1 mM) was 1.1 on a bare gold, while it increased to 5.8 at AuMS/Au (25 mg/mL).
These features are favorable aspects for the selective detection of glucose in the presence of AA, which has been demonstrated for mesoporous platinum or gold electrodes. 12, 15 Figure 3b
shows the electrochemical response of the AuMS/Au electrode toward glucose and AA, where the anodic peak currents for glucose are proportional to the glucose concentration, and the interfering current level from AA is negligible. The current caused by the addition of 0.1 mM AA quickly returned to the base level current by 10 mM glucose. It is well known that the normal physiological level of AA is 0.1 mM, which is much less than that of glucose (3 -8 mM). 12, 15 We observed that the sensitivity of the calibration plots became larger as the amount of AuMS increased; however, the extent of the increment of sensitivity leveled off, indicating a limited diffusion of glucose at higher amounts of AuMS on the surfaces. It should be noted that the AuMS/Au system in the present study had an apparent architecture dimension of micrometer scale, which is the largest among the porous electrode systems reported so far. Despite the large dimensions, the porous AuMS/Au electrodes retained the unique electrochemical properties that have been observed from other systems with smaller architecture dimensions.
Conclusions
We demonstrated a simple fabrication method of porous 3D gold film electrodes by the deposition of gold-coated microspheres on gold electrodes (AuMS/Au). The AuMS/Au electrodes retained a high surface area with porous structures through the electrical interconnection of AuMS. Although the AuMS/Au electrodes have apparent macroporous surface structures, they exhibit electrocatalysis for oxygen reduction and peroxide oxidation, which is usually observed for nanoscale-porous structures. The AuMS/Au system shows different voltammetric responses toward electroactive species, depending on the electron-transfer kinetics, which provide selectivity for glucose against ascorbic acid. Easy preparation and a linker-free surface will provide new opportunities for AuMS/Au electrodes to be utilized for various electroanalytical applications as new gold-based substrates through surface modifications.
